This study explored the sources of PM 10 in the smoke haze during the traditional burning season in northern Thailand by determining the characteristics of the atomic elements in PM 10 compared to known plant samples. The ambient air was collected from two sites (urban and peri-urban) in the Chiang MaiLamphun Basin. This was compared to the characteristics of the leaves from eight agricultural and forest plants predominant in the region: bamboo, grass, teak, yangna, corn, longan, lychee, and rice that were collected and burned in a combustion chamber to collect the resultant PM 10 . The elements -Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, and Fe -were analyzed by PIXE, SEM-EDS, and μ-SXRF. Morphologies of PM 10 particles were analyzed by SEM. The concentrations of the elements in the PM 10 of the ambient air samples correlated highly with the PM 10 from the combustion of teak, yangna, and corn leaves. The results of principal component analysis (PCA), correlations, and morphological characteristics analyzed by SEM also showed that the ambient air PM 10 belonged to the same group as the PM 10 from combustion of teak, yangna, and corn. A HYSPLIT trajectory model indicated that the ambient air PM 10 in the Chiang Mai -Lamphun Basin was derived primarily from hotspots on the Thai-Myanmar border driven by southwest winds, as well as some hotspots in the basin itself. This study has shown that open burning of plant sources, both forest and agricultural, particularly along the Thai-Myanmar border to the southwest, is a primary source of the smoke haze in the Chiang Mai -Lamphun Basin during the dry season.
INTRODUCTION
Air pollution is a major environmental problem in the eight provinces of upper northern Thailand. Significant open biomass burning in agricultural and forest areas, as indicated by satellite hotspot data, produces substantial smoke/ haze during the dry season (February-April) . During this time, the daily average concentrations of ambient air PM 10 (particulate matter less than 10 μm in diameter) in the eight provinces of upper northern Thailand have exceeded Thailand's national ambient air quality standard (120 μg/m 3 ) for more than twenty days per year since 2007 (PCD, 2015 . In addition, the maximum concentrations were 2-4 times higher than the standard and may pose a health risk to residents due to over exposure to airborne particulate-bound PAHs (Phornwisetsirikun et al., 2014; Pongpiachan et al., 2015; Naksen et al., 2017) . Prior research from the analysis of some selected ions in PM 10 have suggested that the sources of air pollutants during the dry season probably came from fuel combustion and agricultural activities (Chantara et al., 2012; Sillapapiromsuk et al., 2013) . Wiriya et al. (2013) studied polycyclic aromatic hydrocarbon (PAHs) in PM 10 and suggested that vehicle emission and biomass burning were the main sources of PM 10 and PAHs in northern Thailand. Sillapapiromsuk et al. (2013) analyzed the ions in PM 10 emitted by controlled burning of biomass samples in a experimental combustion chamber, including rice straw, corn residue, and leaf litter from agricultural and deciduous forest areas, using ion chromatography. These studies identified the source of PM 10 by single species using a single method.
Considerable research has explored the sources of PM 10 by analyzing its chemical components -such as PAHs, ions, and elements. The United States Environmental Protection Agency (US EPA) recommends analyzing 16 priority compounds in airborne particulate-bound PAHs, including naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo [a] anthracene, chrysene, benzo [b] fluoroanthene, benzo [k] fluoroanthene, benzo [a] pyrene, dibenzo [a,h] anthracene, benzo [ghi] perylene, and indeno [1,2,3-cd] pyrene. These have been commonly analyzed by gas chromatography coupled with mass spectrometry (GC-MS) (Liu et al., 2007; Wiriya et al., 2013; Bian et al., 2016) and high performance liquid chromatography with UV-vis detection (HPLC-UV) (Wu and Chang, 1997; Bacaloni et al., 2004) . A study of ambient air at heavily trafficked roads and in urban residential zones in Bangkok, Thailand used multivariate statistics to investigate the influence of anthropogenic activities on variations in the contents of 18 metals; the average concentrations of PM 10 -bounded metals (Al, V, Cr, Mn, and Fe) were similar to those of other urban cities around the world (Pongpiachan and Ilijima, 2016) .
Highly toxic elements, such as As, Pb, Cd, Hg, Zn, Ni, Cu, Cr, and others, such as Fe, Ca, Ba, and Mn, which are derived from the earth's crust or re-suspended soil (Gonzalez-Rodriguez et al., 2005) , have been analyzed using inductively coupled plasma-optical emission spectroscopy (ICP-OES), atomic emission spectroscopy (ICP-AES), and mass spectrometry (ICP-MS) (Ochsenkuhn-Petropoulou and Ochsenkuhn, 2001; Gonzalez-Rodriguez et al., 2005; Karar et al., 2006; Kulshrestha et al., 2009; Flores-Rangel et al., 2015) ; atomic absorption spectroscopy (AAS) (Kulshrestha et al., 2009) ; particle-induced x-ray emission (PIXE) (Ferreira da Silva et al., 2010) ; synchrotron radiation micro X-ray fluorescence spectroscopy (μ-SXRF) (López et al., 2011; Pongpiachan et al., 2012a Pongpiachan et al., , 2012b ; scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) (Flores-Rangel et al., 2015) ; anodic stripping voltammetry (ASV) (Ochsenkuhn-Petropoulou and Ochsenkuhn, 2001) ; and instrumental neutron-activation analysis (INAA) (Ochsenkuhn-Petropoulou and Ochsenkuhn, 2001) . Some ions, such as sulfate (SO 4 2-), nitrate (NO 3 -), ammonium (NH 4 + ), sodium (Na + ), calcium (Ca 2+ ), potassium (K + ), magnesium (Mg 2+ ), bicarbonate (HCO 3 -), and chloride (Cl -), have been analyzed by AAS and ion chromatography (Sillapapiromsuk et al., 2013; Zhamsueva et al., 2015) .
The sources of PM 10 in upper northern Thailand, especially in the Chiang Mai -Lamphun Basin, its most populated center, have not yet been clearly identified. To determine more precisely the burning sources, both material and location, further analytical techniques are required. Thus, this study explored the sources of PM 10 in the smoke haze during the traditional burning season in northern Thailand by determining the characteristics of the atomic elements in PM 10 compared to the combustion of known plant samples using PIXE, SEM-EDS, and μ-SXRF analyses.
MATERIALS AND METHODS Collection and preparation of leaf samples
The four most common agricultural crops in upper northern Thailand are rice (591,360 hectares), corn (383,790 hectares), longan (133,900 hectares), and lychee (19,440 hectares); together they account for 1.1 m hectares, or approximately two-thirds of the total agricultural land (1.7 m hectares). The total forest area in upper northern Thailand is about 5.7 m hectares, or more than three times the agricultural area; bamboo, grass, teak, and yangna are common in the forests (Agricultural Statistics of Thailand, 2014) . The leaves from these eight common agricultural and forest plants (bamboo, grass, teak, yangna, corn, longan, lychee, and rice) were collected from nine sites (Table 1) in the Chiang Mai -Lamphun Basin (Figure 1 ) during October and November, 2010. One kilogram of each leaf was collected and equally divided into two bags. The samples were stored at room temperature under controlled humidity using silica gel until the relative humidity levels dropped below 10%. 
Controlled combustion of leaf samples
The leaf samples collected from each sampling site were separately burnt in a controlled combustion chamber according to Sillapapiromsuk's method (Sillapapiromsuk et al., 2013) . Five grams of dried-leaf samples were placed in the combustion chamber and burnt for about 1 minute using LPG gas. PM 10 was collected from air in the chamber for about 66 minutes, until the air pressure gauge showed zero bar. PM 10 was completely released from 1 m 3 of air volume of the combustion chamber at an airflow rate of 15 liters per minute. When the combustion was complete, a valve between the combustion and storage chambers was opened to allow the air in the combustion chamber to flow to the storage chamber, which was connected to a GENT Air Sampler, IAEA standard, with a SFU stacked filter unit (Gent, Belgium). A polycarbonate, thin, nuclear pore film filter with a diameter of 47 mm and pore size of 8 µm (Whatman, U.S.A.) was used to collect PM 10 . The filter was pre-weighed before collecting PM 10 . Before combustion of each sample, the chamber was cleaned by evacuation.
The filters with PM 10 were stored in a desiccator to eliminate moisture for 24 hours. The filter was placed in a plastic package with plastic clamp and placed on defect-free paper; information (sample ID, sampling site, date of collection, and pre-and post-weight mass) were recorded on the label attached to the top cover of each package. 
Collection and preparation of ambient air PM 10
Ambient air PM 10 samples were collected from two sites in the Chiang Mai -Lamphun Basin during the smoke-haze season. Site 1 (urban) was located at the Research Institute for Health Sciences (RIHES) on the main campus of Chiang Mai University (CMU) (18° 47ˊ N, 98° 57ˊ E). Site 2 (peri-urban) was at the Watnantaram School (WT) (18° 44ˊ N, 99° 2ˊ E) in Saraphi District, Lamphun ( Figure 1 ). Ambient air PM 10 samples were collected using a GENT air sampler, the same instrument used for leaf combustion. The air intake was 1.5 m above the ground. PM 10 was collected at an airflow rate of 15 liters per minute, as described in the previous section. Twenty-four hour samples were collected every other day at 9:00 a.m. at both sampling sites from March to May 2010.
Backward-trajectory analysis
To investigate the location of the source that was responsible for the long range transport of PM 10 , 24-hour backward trajectories of air masses arriving at CMU (Site 1) were determined using Hybrid Single-Particle Langrangian Integrated Trajectory model version 4 (HYSPLIT4) during 10-13 March, 2010, the period with the highest levels of ambient air PM 10 that year (PCD, 2010) . Trajectories were calculated at heights of 100, 500, and 1,000 m above ground level at hourly intervals.
PIXE technique analysis
The elements in the PM 10 samples (n=64) from leaf combustion and ambient air were analyzed, both qualitatively and quantitatively, by PIXE technique using a tandem accelerator (ion-beam analysis) at the Plasma and Beam Physics Research Facility, Department of Physics and Material Sciences, Chiang Mai University, Thailand. To prepare samples for PIXE, the ionization chamber was vacuumed for about 90 minutes at 1.2x10 -5 to 1.2x10 -6 bar. Then, photon energy (2 MeV) was applied to each sample for 6 minutes. A device made from a 10x10x2 cm aluminum rod drilled with nine holes (1.2 cm wide and 1 cm deep) held the plastic grip ring for holding the sample filter. The data of the elemental components (Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, and Fe) were obtained. The concentration of each sample in the small area hit by the high-energy proton beam (in ng/cm 2 ) was calculated as equivalent to the entire filter area, and a conversion formula was used to calculate the element mass of particles in 1 m 3 of collected air.
SEM-EDS analysis
SEM-EDS was applied to characterize the PM 10 morphology and elemental composition. PM 10 samples (n=45, as some samples failed during analysis) were analyzed by SEM-EDS (FEI model Quanta 200 3D EM, U.S.A.) at the Science and Technology Service Center, Faculty of Science, Chiang Mai University, Thailand. SEM-EDS was calibrated using reference standard no. 5936. Pieces of thin film sample were mounted and stuck on a brass rod. Samples in the holder were filled and locked using non-metallic adhesive tape. Then, the film sample was coated to a solid form with gold by vacuum-coating with a Gold Sputter Coater. The fine coating of gold made the samples electrically conductive. The sample holder was installed in the analyzing chamber in a vacuum (1x10 -4 mbar), and then analyzed at 15kV of accelerating voltage with the current set at 0.14 nA. A Si (Li) detector was placed 10 mm away from the sample to be analyzed. The X-ray detection limit was nearly 0.1%, with the SEM-EDS system at 133 eV resolution. Magnification of 5,000 times allowed for easily locating the center of the X-ray for exposure in the SEM-EDS mode, and for a well-focused image. Elemental composition of the particles was identified with SEM-EDS spectra.
μ-SXRF analysis
Elements in the PM 10 samples (n=32, as some samples failed during analysis) were analyzed by μ-SXRF at the Siam Synchrotron Research Institute (SLRI, Nakhon Ratchasima, Thailand). Calibration was performed with Zn energy (9659keV). The sample filter was placed on a sample holder that was installed in a high-vacuum analytical chamber; Ar gas was filled to 93.6 mbar and He gas was filled until pressure of 1 ATM (990 mbar). The characteristic X-ray emitted after synchrotron light hit the sample filter was 100 mm. A multichannel analyzer (MCA) was used to obtain the elemental distribution on the peak energy spectrum. The peak energy of each characteristic X-ray was unique for each element. As μ-SXRF spectroscopy measures the energy of the outgoing radiation, and the energy of fluorescent radiation is element-specific, the amount of each element in a sample can be determined.
Statistical analysis
Pearson's correlation coefficients (r) were calculated using concentrations of the elements in PM 10 analyzed by PIXE and SEM-EDS. Principal component analysis (PCA) was performed using all the element concentrations in PM 10 from leaf combustion and ambient air obtained at the CMU and Saraphi sites.
RESULTS
Elements were analyzed by PIXE and SEM-EDS. The concentrations of elements obtained by PIXE analysis in PM 10 from leaf combustion and ambient air are shown in Table 2 . Al, S, Cl, K, Ca, and Fe were found in all the samples. The concentrations of Al, Si, Cl, K, and Ca in PM 10 derived from the combustion of rice and teak leaves were relatively high. The concentrations of elements in PM 10 from leaf combustion and ambient air showed generally high correlations, as shown in Table 3 . High correlation coefficients were obtained among bamboo, corn, lychee, teak, longan, yangna, and ambient air PM 10 derived from the urban site (CMU), and among bamboo, lychee, teak, yangna, and ambient air PM 10 from the peri-urban site (Saraphi). The concentrations of elements obtained by SEM-EDS in PM 10 from leaf combustion are shown in Table 4 . In the leaf samples, the concentration of Al was relatively high in grass and longan; Si only in corn; S in bamboo, grass, teak, and rice; Cl in yangna, corn, longan, and lychee; K in teak, yangna, corn, and lychee; and Mn only in longan. In the ambient PM 10 samples from both collection sites, Al and Mn were relatively higher than the other elements. Correlation coefficients among the concentrations of elements in the PM 10 samples from leaf combustion and ambient air analyzed by SEM-EDS are shown in Table 5 . Teak, yangna, corn, and longan were highly correlated with PM 10 derived from both collection sites.
Morphologies and elemental compositions of PM 10 analyzed by SEM-EDS
PM 10 from rice leaf combustion were particles of large grain size of about 10-20 µm with a non-uniform and irregular shape (Figure 2a) . Some KCl crystals (square shape) were found in visual images. PM 10 from bamboo leaf combustion were particles of large grain size of about 20-30µm, irregular shape, and porous surface (Figure 2b ). PM 10 from grass combustion were particles of large grain size of about 30-40 µm with smooth, porous surface and some tiny cilia ( Figure  2c ). PM 10 from corn leaf combustion were particles of moderate grain size of less than 5µm with an irregular shaped, non-porous surface microstructure (Figure 2d ). PM 10 from longan leaf combustion were particles of large grain size of more than 10µm with an irregular-shape and a non-porous surface (Figure 2e ). PM 10 from lychee leaf combustion were particles of size less than 1µm with spherical shape (Figure 2f ). PM 10 from teak leaf combustion were particles of moderate grain size of 1-5µm with irregular shape and non-porous surface (Figure 2g ). PM 10 from yangna leaf combustion were particles of small grain size of less than 1µm with irregular shape (Figure 2h ). The ambient air PM 10 samples collected at the urban (CMU) site were particles of fine grain size, including small and moderate sized particles with irregular shape and non-porous surface (Figure 2i ). The ambient air PM 10 samples collected at the peri-urban (Saraphi) site were particles of small grain size at less than 1µm with irregularly shape and non-porous surface without cilia structure (Figure 2j ). 
Groups Sample types Common morphologies
Group 1 bamboo, grass Large particle size of more than 10 micrometers, irregular shape, smooth surface, and tiny cilia.
Group 2 corn, teak, yangna, lychee, Saraphi, CMU Non-specific shape, particle size smaller than 10 micrometers, fine grain, and non-porous surface Group 3 rice, longan Large particle size and non-specific shape i j
➔
The PM 10 particles shown in Figure 2 were classified into three groups by their morphological characteristics, such as shape, surface (smooth, irregular, or porous), the presence of tiny cilia, and grain size (small, moderate, and large). The results are shown in Table 6 . PM 10 from bamboo and grass combustion belonged to Group 1, which were particles of large grain size of more than 10µm with irregular shape, smooth surface, and tiny cilia. PM 10 from corn, teak, yangna, and lychee combustion and ambient air belonged to Group 2, which were particles smaller than 10µm with non-specific shape. PM 10 from rice and longan belonged to Group 3, which were large particles with non-specific shape. Table 7 . Elements found in PM 10 samples of leaf combustion and ambient air from PIXE, SEM-EDS, and µ-SXRF. PIXE, SEM-EDS, and µ-SXRF techniques are able to detect similar elements, including the Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, and Fe found in the eight plant samples and two ambient samples (Table 7) . The elements analyzed by SEM-EDS in PM 10 from the leaf combustion and ambient air samples were subjected to principal component analysis (Figure 3) . PCA analysis was also performed using data from the PIXE analysis (Figure 4) . The result differed from that of SEM-EDS. Table 8 summarizes the groups classified by SEM morphology, PCA, and correlation analysis. Although some kinds of leaves were classified to different groups by different analyses, the following were consistently classified: bamboo and grass (Group I); corn, teak, and yangna (Group II); and longan and rice (Group III). Ambient air PM 10 samples from the urban (CMU) and peri-urban (Saraphi) sites were classified as Group II. From the HYSPLIT analysis, the winds at 100, 500, and 1,000 m above ground level blew from the southwest of the Chiang Mai -Lamphun Basin, as shown in Figure 5 (a), generally from the direction of Mae Hong Son Province and bordering areas of Myanmar. This wind direction was coincident with a dense area of hotspots in the Mae Hong Son Province -Myanmar border area, as shown in Figure 5(b) . This area includes a high density of cornfields (55,166 hectares) within a forest area of about 235,200 hectares (Official Statistics Thailand, 2014) . Overall, about 88% of Mae Hong Son Province is forest. In upper northern Thailand, forest fires and agricultural biomass burning frequently occur during the dry and postharvest season of January to April.
DISCUSSION
Our findings suggested that sources of PM 10 at CMU and Saraphi sites in the haze produced during the biomass-burning season were from the burning of teak, yangna, and corn (Table 8 ). These three out of eight common plants cover a significant portion of the growing area in the Chiang Mai -Lamphun Basin, northern Thailand (Table 1) .
The morphology of PM 10 collected from the CMU and Saraphi sites matched closely with the morphology of PM 10 from corn, teak, yangna, and lychee (Table  6 ). Statistical analyses (PCA and correlation methods) also played an important role in identifying these sources of burning. PCA of element concentrations of PM 10 analyzed by SEM-EDS technique indicated four plants: corn, teak, yangna, and longan (Figure 3) . PCA of element concentrations of PM 10 analyzed by PIXE technique found five plants: corn, teak, yangna, lychee, and bamboo (Figure 4 ). Correlation analysis of the element concentrations analyzed from both the SEM-EDS and PIXE techniques found overlapping plant types. With PIXE technique, the element concentrations from the CMU site and bamboo, teak, yangna, corn, longan, and lychee were highly correlated; and the Saraphi site and bamboo, teak, yangna, and lychee were highly correlated (Table 3) . With SEM-EDS technique, the element concentrations from the CMU site and teak, yangna, corn, and longan were highly correlated; and the Saraphi site and teak, yangna, corn, and longan were highly correlated (Table 5) . µ-SXRF technique confirmed the elements found in the PM 10 from PIXE and SEM-EDS (Table 7) . Furthermore, element concentrations in PM 10 from CMU and Saraphi sites analyzed by both PIXE and SEM-EDS techniques were highly correlated (Tables 3 and 5 ). In summary, as shown in Table 8 , elemental concentrations analyzed by the different analytical techniques and accompany statistical methods pointed to three plant-burning types, i.e., corn, teak, and yangna, that related to airborne PM 10 at the CMU and Saraphi sites.
The wind bringing PM 10 to the CMU site came from the southwest of the Chiang Mai -Lamphun Basin during the study period ( Figure 5a) ; this was coincident with dense hotspot areas in Mae Chaem District (Chiang Mai Province), Mae Hong Son Province, and the Myanmar border area (Figure 5b ).
Several related, but different, biomass-burning studies in northern Thailand have been reported, including: analysis of the elements in airborne particles using ICP-OES (Khamkaew et al., 2016) ; chemical tracers, i.e., potassium ion and levoglucosan as an indicator of biomass-burning activities ; PM 10 and its ion composition emitted from biomass burning in a combustion chamber for estimating open-burning emissions (Sillapapiromsuk et al., 2013) ; concentrations of airborne PM 10 and PM 10 -bound PAHs for source identification (Wiriya et al., 2013) .
Several studies of PM 10 sources in northern Thailand have been reported (Kim Oanh et al., 2011; Phoothiwut and Junyapoon, 2013) , but they have focused on the rice straw burning season that occurs in December/January after the rice harvest every year, in contrast to the smoke/haze during the dry season burning in February to March studied here. To the best of our knowledge, our study is the first of its kind to identify the types of plants that were burnt and contributed to airborne PM 10 in the Chiang Mai -Lamphun Basin during the smoke/haze season.
This study is also among only a few to employ nuclear analytical techniques to determine the elements in PM 10 . Although they require costly instrumentation, their non-destructive analytical characteristics enable repetition in measurement (Yatkin et al., 2016; Turner et al., 2017) and allow for analysis by multiple techniques. We were able to use the filter samples (47 mm diameter) we collected with three different techniques -PIXE (n=64), SEM-EDS (n=45), and µ-SXRF (n=32) -since each technique required a minute sample size only (Huang et al., 2012) . Furthermore, data from the same samples using the three different techniques strongly enhanced the statistical analysis used to identify the source of the PM 10 particles.
The advantage of this study was its application of three different nuclear analytical techniques to analyze the elemental composition of airborne particles (PM 10 ) and two statistical methods to analyze the their correlation. This identified corn, teak, and yangna as probable burning sources that contributed to the PM 10 in the Chiang Mai -Lamphun Basin during the annual smoke/haze burning season in northern Thailand (Table 8) . However, this studies findings may be limited by the small number of plant types investigated. Although the eight plant types studied here account for a large portion of the plants in the Chiang Mai -Lamphun Basin, the backward trajectory model showed that the burning sources probably originated outside and far beyond the basin, i.e., Mae Hong Son Province and the Myanmar border areas. More plant types including deciduous plants and other agricultural crop plants warrant further investigation.
